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).a b s t r a c t
The European chemical framework REACH requires that hazards and risks posed by chemicals, including
alloys and metals, are identiﬁed and proven safe for humans and the environment. Therefore, differences
in bioaccessibility in terms of released metals in synthetic biological ﬂuids (different pH (1.5e7.4) and
composition) that are relevant for different human exposure routes (inhalation, ingestion, and dermal
contact) have been assessed for powder particles of an alloy containing high levels of nickel (Inconel 718,
57 wt% nickel). This powder is compared with the bioaccessibility of two nickel-containing stainless steel
powders (AISI 316L, 10e12% nickel) and with powders representing their main pure alloy constituents:
two nickel metal powders (100% nickel), two iron metal powders and two chromium metal powders. X-
ray photoelectron spectroscopy, microscopy, light scattering, and nitrogen absorption were employed for
the particle and surface oxide characterization. Atomic absorption spectroscopy was used to quantify
released amounts of metals in solution. Cytotoxicity (Alamar blue assay) and DNA damage (comet assay)
of the Inconel powder were assessed following exposure of the human lung cell line A549, as well as its
ability to generate reactive oxygen species (DCFH-DA assay). Despite its high nickel content, the Inconel
alloy powder did not release any signiﬁcant amounts of metals and did not induce any toxic response. It
is concluded, that this is related to the high surface passivity of the Inconel powder governed by its
chromium-rich surface oxide. Read-across from the pure metal constituents is hence not recommended
either for this or any other passive alloy.
© 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Inconel alloys, nickel-based heat-resistant super alloys, are used
in a large variety of challenging engineering applications, including
many elevated temperature environments and power plant sys-
tems (Choudhury and El-Baradie, 1998). The Inconel 718 alloy is the
most commonly used alloy due to its high strength, mechanical
properties and corrosion resistance (Choudhury and El-Baradie,
1998). Human exposure may occur at occupational settings via
inhalation or dermal contact.hnology, School of Chemical
ry, Division of Surface and
, Stockholm, Sweden.
r Inc. This is an open access articleREACH (Registration, Evaluation, Authorisation and Restriction
of Chemicals) is a European chemicals regulation ﬁrst implemented
in July 2007 (EC, 2007), in which metals are considered as sub-
stances for which registration dossiers have to be submitted. Such
dossiers include the assessment of the toxicological and ecotoxi-
cological hazard proﬁle, for which the speciﬁc bioaccessibility (the
pool of released and potentially available chemical species) in
biological ﬂuids plays an important role. Alloys are generally
considered as special mixtures under REACH, for which no regis-
tration dossiers need to be prepared. Their assessments are hence
predominantly based on their individual pure alloy constituents. So
far, very few alloys on the market have been investigated individ-
ually. Potential health risks of alloys have in some cases been
estimated via read-across from the properties of the respective
pure metal components. Nickel metal is currently classiﬁed for
several human health endpoints: i) as a skin sensitizer (Category 1,under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
Table 1
Nominal bulk composition (wt%) of the Inconel powder.
Ni Cr Fe Nb þ Ta Mo Ti Al Cu Si Co Others
57.3 18.3 14.6 5.0 2.9 0.92 0.4 0.2 0.16 0.1 O 0.06
C 0.04
N 0.01
B 0.006
S 0.005
P < 0.001
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organ toxicity (STOT Repeated Exposure 1: H372: “causes damage
to organs through prolonged or repeated exposure”; “route of
exposure: inhalation”), and iii) as a suspected carcinogen (Category
2, “suspected of causing cancer”) (EC, 2009). Alloys containing
nickel are classiﬁed for skin sensitization if the release rate of nickel
exceeds 0.5 mg/cm2/week (EC, 2009), as measured by the European
standard reference test method EN 1811 (CEN, 2011).
Recent studies highlight the importance of surface properties of
alloys compared with their bulk composition, and show that read-
across from pure metals is highly erroneous (Hedberg et al., 2013;
Herting et al., 2005; Hillwalker and Anderson, 2014; M€orsdorf
et al., 2015; Stockmann-Juvala et al., 2013). Suggestions have also
been raised to group alloys and metals of similar bulk and surface
characteristics to facilitate hazard classiﬁcation of alloys (OECD,
2014; Santonen et al., 2010; Stockmann-Juvala et al., 2013).
The release of metals from metals and alloys in different ﬂuids,
without contribution of wear, is mainly governed by oxidation of
the metal (corrosion) and of dissolution of the surface oxide. These
processes depend on the passive properties of the surface oxide
(hinders corrosion) and, among others, the pH and metal
complexation capacity of the surrounding ﬂuid (Hedberg and
Odnevall Wallinder, 2016). Very low levels of released nickel and
iron have previously been observed from the same Inconel powder
as investigated in this study upon exposure in four different syn-
thetic body ﬂuids relevant for oral bioaccessibility (Henderson
et al., 2012), and for another Inconel powder (74.2 wt% Ni,
15.8 wt% Cr) in three synthetic body ﬂuids (Hillwalker and
Anderson, 2014). Despite a relatively low nickel release of less
than 0.5 mg/cm2/week in artiﬁcial sweat, the Inconel alloy 600
(72wt% Ni,14-17wt% Cr) caused skin reactions in 54% of 67 tested
nickel-allergic individuals (Menne et al., 1987). This was most
probably caused by an enhanced nickel release upon skin contact
compared with immersion conditions (Hedberg and Odnevall
Wallinder, 2016; Menne et al., 1987) and/or an elicitation
threshold of less than 0.5 mg/cm2 for nickel-allergic individuals
(Andersen et al., 1993; Pedersen et al., 2004).
The aims of this study were to assess the bioaccessible fraction
of metals released from an Inconel 718 powder in synthetic body
ﬂuids relevant for inhalation, ingestion and dermal contact, and to
test the hypothesis that bioaccessibility cannot be predicted from
the bulk alloy composition. The results are compared with corre-
sponding, and similarly sized, powder particles of the main pure
alloy constituents (nickel, iron, and chromium) and of stainless
steel grade AISI 316L (17-19 wt% Cr, 10-12 wt% Ni). Furthermore,
different in-vitro toxicity endpoints (cell viability, DNA damage, and
reactive oxygen species generation) were investigated for the
Inconel powder and compared with parallel measurements of
nickel powder particles of similar size.
2. Materials and methods
2.1. Investigated particles
The Inconel alloy 718 powder, denoted Inconel, was supplied by
NiPERA. The nominal alloy composition (from supplier informa-
tion) is shown in Table 1. The powder is from the same batch as
investigated in another published study (Henderson et al., 2012).
The following powders are included in this paper for comparison:
gas-atomized stainless steel grade AISI 316L sized <45 mm (denoted
316L-1) and sized <4 mm (denoted 316L-2). The 316L powders are
composed of about 66e69 wt% Fe, 17-19 wt% Cr, and 10-12 wt% Ni.
Detailed material and particle characterization, bioaccessibility and
cytotoxicity information is given elsewhere (Hedberg et al., 2010,
2012). Metal powders of iron (Fe-1, Fe-2), chromium (Cr-1, Cr-2),and nickel (Ni-1, Ni-2) of two different sizes are included for
comparison. The two size fractions of the iron and chromium
powders have previously been investigated in a bioaccessibility and
cytotoxicity study (Hedberg et al., 2010), and the two different
nickel metal powders in an earlier bioaccessibility study
(Mazinanian et al., 2013). Table 3 shows for all powders speciﬁc
surface areas (measurement explained in section 2.3) and particle
size distributions in phosphate buffered saline (PBS, pH 7.4, see
sections 2.4 and 2.6). Particle morphologies, observed by means of
scanning electron microscopy (section 2.5), are displayed in Fig. 1.
2.2. X-ray photoelectron spectroscopy
The outermost (approx. 5 nm) surface of the Inconel powder
particles was investigated with X-ray photoelectron spectroscopy
(XPS), using a Kratos AXIS UltraDLD x-ray photoelectron spec-
trometer (Kratos Analytical, Manchester, UK) driven by a mono-
chromatic 150 W Al x-ray source. The analyzed areas were
approximately sized 700  300 mm. Wide spectra measurements
were performed to probe elements at the top surface of the powder
particles. Measurements were performed on two different posi-
tions on unexposed powders and after exposure in artiﬁcial lyso-
somal ﬂuid for 168 h. With a pass energy of 20 eV, detailed spectra
for the main alloy elements of each powder, carbon (C 1s), oxygen
(O 1s), iron (Fe 2p), chromium (Cr 2p), nickel (Ni 2p), molybdenum
(Mo 3d), manganese (Mn 2p), and cobalt (Co 2p) were obtained.
Molybdenum, manganese, and cobalt were not observed. The
powders were mounted on copper tape to ﬁx them against
dispersion in the applied vacuum inside the ultra-high vacuum
instrumental chamber. All binding energies were corrected to the
carbon C 1s contamination peak at 285.0 eV. All peak areas were
determined by assigning a linear base line. Iron (711.3 ± 0.55 eV)
and chromium (576.6 ± 1.5 eV) were only observed in their
oxidized states, both prior to and after exposure. Surface oxide
compositional analyses presented in this paper consider the
oxidized nickel peak at 855.1 ± 0.78 eV and the oxidized chromium
and iron peaks. The metallic peaks of nickel, observed at
853.0 ± 0.66 eV and 858.8 ± 1.9 eV [satellite peak (Machet et al.,
2004)] were used to assess the oxidized/metallic mass ratio.
2.3. Measurement of speciﬁc surface area by nitrogen adsorption
The surface area to weight ratios (speciﬁc surface area) of the
Inconel and reference powders were estimated using the Brunauer-
Emmet-Tellermethod (Brunauer et al., 1938) (Micromeritics GEMINI
V) that measures the adsorbed amount of nitrogen at cryogenic
conditions. The measurements were performed at ﬁve different
partial pressures and at ﬁve different local positions for each powder
(standard BET method). The mean value is presented in Table 3.
2.4. Light scattering
The particle size distribution of the Inconel powder was deter-
mined in phosphate buffered saline (PBS, pH 7.4, see section 2.6) by
Fig. 1. SEM images of Inconel powder particles. Powders of AISI 316L, iron, chromium, and nickel metal of different size fractions are included for comparison.
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2000; with a Hydro SM dispersion unit). Refractive indexes for
nickel (1.98) and water (1.33, the solvent of the test ﬂuids) were
used as input parameters for the calculation of the size distribution
by volume. Data is presented as average numbers of at least three
discrete measurements of each powder.
2.5. Scanning electron microscopy
Particle morphologies of the powders; Inconel, 316L-1, 316L-2,
Ni-1, and Ni-2, were studied using a ﬁeld emission gun scanning
electron microscope (FEG-SEM Leo1530 upgraded to Zeiss Supra
55) using secondary electrons, and with a table-top scanning
electron microscope (SEM) with backscattered electron analysis
(Hitachi TM-1000) for the powders of Fe-1, Fe-2, Cr-1, and Cr-2.
The powders were ﬁxed on carbon tape to avoid their dispersion
inside the instrument chamber and to assure appropriate
conduction.
2.6. Exposure to synthetic body ﬂuids
Triplicate samples of the Inconel powder were exposed for 2,
4, 8, 24, and 168 h to each of the seven synthetic body ﬂuids
(Table 2) at a ratio (loading) of 5 ± 0.5 mg particles in 50 mL so-
lution (0.1 g/L) in closed PMP Nalgene® vessels positioned in a
Stuart platform-rocker incubator (25 cycles/min of bi-linear
shaking) set at 37 ± 0.5 C. Blank samples (without powders)
were run in parallel for each powder, solution, and exposure time.
After exposure, the test ﬂuid was separated from the powder
particles by centrifugation at 3000 r.p.m. (704 g) for 10 min. The
supernatant solution, free of particles, was acidiﬁed to a pH less
than 2 (not needed in the case of artiﬁcial gastric ﬂuid) with
65 vol% ultrapure HNO3 prior to solution analysis (a standard
procedure for metal analysis and conservation of samples). All
vessels for exposure, centrifugation and storage were acid-
cleaned in 10 vol% HNO3 for at least 24 h, rinsed four times
with ultra-pure water, and dried in ambient laboratory air to
minimize the risk of contamination.Seven synthetic physiological ﬂuids were selected:
 Phosphate-buffered saline (PBS, pH 7.2e7.4), a standard physi-
ological ﬂuid that mimics the ionic strength of human blood
serum.
 PBS containing 2.2 g/L lysozyme from chicken egg white (L6876,
Sigma Aldrich, Sweden), denoted PBS þ LSZ. Lysozyme is pre-
sent in saliva and tear ﬂuid, positively charged at pH 7.4, and a
globular hard (high internal conformation stability) proteinwith
a molecular weight of 14.1 kDa (Imoto et al., 1972).
 PBS containing 10 g/L bovine serum albumin (A7906, Sigma
Aldrich, Sweden), denoted PBS þ BSA. 10 g/L BSA is the same
molar concentration as 2.2 g/L LSZ. BSA is a soft globular protein
present in serum at high concentrations (30e50 g/L) (Roach
et al., 2006) with a molecular weight of 66 kDa.
 Gamble's solution (GMB, pH 7.4), mimics the interstitial ﬂuid
within the deep lung under normal health conditions (Stopford
et al., 2003).
 Artiﬁcial sweat (ASW, pH 6.5), simulates the hypoosmolar ﬂuid,
linked to hyponatraemia (loss of Naþ from blood), which is
excreted from the body upon sweating. The ﬂuid is recom-
mended in the available standard for testing of nickel release
from nickel containing products (CEN, 2011).
 Artiﬁcial lysosomal ﬂuid (ALF, pH 4.5), simulates intracellular
conditions of lysosomes in lung cells occurring in conjunction
with phagocytosis and represents relatively harsh conditions
(de Meringo et al., 1994; Hillwalker and Anderson, 2014).
 Artiﬁcial gastric ﬂuid (GST, pH 1.5), mimics the very harsh
digestion setting of high acidity in the stomach (Hamel et al.,
1998).2.7. Atomic absorption spectroscopy and release data presentation
Total concentrations of released iron (Fe), nickel (Ni), chromium
(Cr), molybdenum (Mo), cobalt (Co), and manganese (Mn) in so-
lution were analyzed by graphite furnace atomic absorption spec-
troscopy (GF-AAS) for the Inconel powder exposed to the ALF
Table 2
Composition (g/L), initial, and ﬁnal pH of the seven synthetic body ﬂuids.
Chemical GST ALF ASW PBS PBS þ LSZ PBS þ BSA GMB
MgCl2 e 0.050 e e e e 0.095
NaCl e 3.21 5.0 8.77 8.77 8.77 6.02
KCl e e e e e e 0.298
Na2HPO4 e 0.071 e 1.28 1.28 1.28 0.126
KH2PO4 e e e 1.36 1.36 1.36 e
Na2SO4 e 0.039 e e e e 0.063
CaCl2$2H2O e 0.128 e e e e 0.368
C2H3O2Na$H2O (sodium acetate) e e e e e e 0.700
NaHCO3 e e e e e e 2.60
C6H5Na3O7$2H2O (trisodium citrate) e 0.077 e e e e 0.097
NaOH e 6.00 e e e e e
Citric acid e 20.8 e e e e e
Glycine e 0.059 e e e e e
C4H4O6Na2$2H2O (disodium tartrate) e 0.090 e e e e e
C3H5NaO3 (sodium lactate) e 0.085 e e e e e
C3H5O3Na (sodium pyruvate) e 0.086 e e e e e
CH3CHOHCO2H (lactic acid) e e 1.0 e e e e
(NH2)2CO (urea) e e 1.0 e e e e
HCl (25%) 4.0 e e e e e e
BSA e e e e e 10 e
LSZ e e e e 2.2 e e
Initial pH (prior to exposure) 1.7e1.8 4.5 6.5 7.2 7.2 7.2 7.4
Final pH (after exposure of 0.1 g/L Inconel powder up to 168 h) 1.5e1.6 4.3e4.4 5.3e6.7 7.2 7.2e7.4 7.2e7.3 7.9e8.5
GSTe artiﬁcial gastric solution; ALFe artiﬁcial lysosomal ﬂuid; ASWe artiﬁcial sweat; PBSe phosphate buffered saline; LSZe lysozyme from chicken eggwhite; BSAe bovine
serum albumin; GMB e Gamble's solution.
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blank values plus three times the highest standard deviation of the
blanks, were 3.5 mg Ni/L, 0.5 mg Cr/L, 4.0 mg Fe/L, 5.0 mg Mn/L, 1.0 mg
Mo/L, and 6.0 mg Co/L in ALF. All sample concentrations for Mo, Mn,
and Co were below the limits of detection in ALF. The total con-
centrations of Fe, Cr, Mn, and Ni in solution were analyzed in the
other synthetic body ﬂuids. All reported values of Fe, Cr, and Ni are
based on concentrations that are signiﬁcantly higher than their
corresponding limits of detection, and higher than their corre-
sponding blank concentrations.
Release data is presented as themeasured total release of metals
in solution normalized to the corresponding metal content in the
powders, denoted as “released fraction of metal (%)”, as follows:
Sample concentration

g
L

 blank concentration

g
L

*VolumeðLÞ
Particle massðgÞ*x *100%Where x ¼ 1 for the metal powders (Ni-1, Ni-2, Fe-1, Fe-2, Cr-1, and
Cr-2); x ¼ 0.573 (Ni), 0.183 (Cr), and 0.146 (Fe) for the Inconel
powder; and x¼ 0.103 (Ni), 0.168 (Cr), and 0.689 (Fe) for the 316L-1
and 316L-2 powders.
Release data is also presented as normalized to the initial spe-
ciﬁc surface area (BET-area) of the particles, denoted as “released
amount (mg/cm2)“, as follows:

Sample concentration

g
L

 blank concentration

g
L

*VolumeðLÞ
Particle massðgÞ*BET surface area

m2
g

*10000
Details on the atomic absorption spectroscopy measurements
using graphite or ﬂame mode for the Cr-1, Cr-2, Ni-1, Ni-2, Fe-1, Fe-
2, 316L-1, and 316L-2 powders are given in the respectivereferences cited in the ﬁgures and tables.2.8. Cell culture and cell viability assay
A549 cells, from a human type II alveolar epithelial cell line
(American Type Culture Collection, ATCC, Manassas, USA) were
cultured in DMEM cell culture medium (Dulbeccos's Minimal
Essential Medium, Cat. No. 41965-039, Gibco® Invitrogen). The
mediumwas supplemented with 10% fetal bovine serum (European
grade, Biological Industries), 1 mM sodium pyruvate (Gibco® Life
Technologies), 100 units/mL penicillin and 100 mg/mL streptomycin
(Pen Strep, Gibco® Life Technologies). The cells were cultured in cell
culture ﬂasks in a humidiﬁed (RH > 99%, 37 C) 5% CO2-atmosphere.CuO nanoparticles (20e40 nm diameter, Sigma-Aldrich), dispersed
in this cell culture medium at concentrations of 20 (DNA damage)
or 40 (cell viability) mg/cm2, were used as positive controls in the
cellular assays, and resulted in all cases in signiﬁcant differences
compared with the negative control (data not shown). Since all cell
tests were done in this cell medium, the released amounts of Ni, Cr,
and Fe from the Inconel powder were also investigated in the cell
medium at a particle concentration of 20 mg/mL (i.e. ﬁve times
lower compared with the other release tests). No detectable
amounts of released metals were observed (data not shown).
Cell viability was studied using the alamar blue assay, which
indicates the level of cellular metabolic activity. This activity is
affected both by cell viability and cell proliferation (the number of
cells in the culture). A549 cells were exposed to particle suspen-
sions (in the cell culture medium described above) of different
concentrations, 0.1, 1, 5, 10, 20 and 40 mg/cm2 (or mg/mL), for 24 and
Table 3
BET speciﬁc surface area (m2/g) of the different powders (relative standard devia-
tion < 1%), and 10, 50, and 90 vol% cut-off values (mm) for each powder when
immersed in PBS.
Powder Inconel 316L-1 316L-2 Ni-1 Ni-2 Cr-1 Cr-2 Fe-1 Fe-2
BET (m2/g) 0.16 0.069 0.70 1.05 2.15 0.035 0.91 0.046 0.84
d
0.1 (mm) 4.2 11.7 2.4 2.5 1.5 57.5 59.7 37.1 36.6
d
0.5 (mm) 6.9 22.5 5.0 4.8 3.0 104 104 101 83.1
d
0.9 (mm) 11.3 41.4 34.1 11.3 59 170 173 181 167
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suspensions were removed, after which the cells were incubated
for 3 h in 200 mL of 10% alamarBlue® (Invitrogen, Life Technologies).
Fluorescence was recorded under excitation and emission wave-
lengths of 560 and 590 nm (Molecular Devices SpectraMax®
Gemini EM Microplate Reader). Possible interferences between the
Inconel powder and the ﬂuorescent dye (alamarBlue®) were
examined by performing the assay at cell-free conditions. No in-
terferences were observed (data not shown). Effects on cell viability
were also studied using the released fraction of metals from the
Inconel powder, by incubating the powder in the cell medium at
similar conditions, separating the powder from the cell medium
and exposing the cells to this medium. Three independent experi-
ments were performed for each exposure.
2.9. DNA damage
The levels of DNA damage in A549 cells induced by the Inconel
powder at 20 mg/cm2 (mg/mL) were examined with the alkaline
single cell comet assay. This version of the comet assay detects both
DNA strand breaks and alkaline labile sites (Collins, 2004). The
principle of the assay is that damaged DNAwill migrate more in an
electrical ﬁeld creating an image of a comet with a head and a tail. A
large tail size describes a large extent of DNA damage and vice
versa. The cells were exposed to the Inconel powder dispersed in
cell culture medium (described above) for 4 and 24 h in 24 well
plates. Thereafter, the assay was completed as described in
(Cronholm et al., 2013). The exposed cells were washed with PBS
and trypsinized (0.25% Trypsin (Gibco®, Life Technologies) in PBS),
after which they were suspended in cell medium. The cells were
centrifuged (4min, 210 g, 4 C), washed in PBS and thenmixed with
0.75% low melting point agarose (Sigma Aldrich, Sweden) before
added on glass slides pre-coated with agarose (0.3%). The slides
were treated with lysis buffer (1% Triton X-100, 2.5 M NaCl, 10 mM
Tris, 0.1 M EDTA, pH 10) for 1 h, after which they were treated with
alkaline electrophoresis solution (0.3 M NaOH, 1 mM EDTA) for
40 min. Electrophoresis was performed in the same solution
(30 min, 17 V/1.15 V/cm, 600 mL). The slides were neutralized in
0.4 M Tris buffer (2  5 min) and in water (5 min), dried and ﬁxed
by soaking the slides in methanol (99.8%, Sigma-Aldrich) for 5 min.
Ethidium bromide (0.5 mg/mL) was used to stain the DNA andmake
the comets visible with a ﬂuorescence microscope (Olympus BH-2).
The Komet 4.0 software (Kinetic Imaging Ltd, Liverpool, UK) was
used for scoring the comets. The level of DNA damage was deter-
mined as “% DNA in tail”. This represents the fraction of cellular
DNA that is contained in the comet tail compared to the total
cellular DNA. At least 100 comets were analyzed from each treat-
ment. Three independent experiments were performed.
2.10. Reactive oxygen species
The inherent ability of the Inconel powder to generate reactive
oxygen species (ROS) was assessed using an acellular version of the
207-dichlorodihydroﬂuorescin diacetate (DCFH-DA) assay (Rushton
et al., 2010). Inconel powder dispersed in PBS was added on black
clear bottom 96 well plates (25 mL/well), with DCFH (75 mL/well)
either containing horseradish peroxidase (HRP) as a catalyst (þ) or
not (). The possible background ﬂuorescence of the powder was
tested during each experiment by including wells that contained
PBS (75 mL/well) instead of DCFH. The ﬁnal Inconel powder con-
centrations were 5 and 20 mg/mL. Triplicate wells of each condition
were included. The plates were kept in darkness during the prep-
aration and the incubation (37 C, 1 h). Fluorescence was measured
using 485 nm excitation and 530 nm emission wavelengths (Mo-
lecular Devices SpectraMax® Gemini EM Microplate Reader). Threeindependent experiments were performed.2.11. Statistical analysis
Data was analyzed with one-way analysis of variance (ANOVA),
with signiﬁcant differences for p < 0.05.3. Results and discussion
3.1. Particle and surface characterization
Fig. 1 shows the morphology of the Inconel particles, compared
with reference particles of stainless steel 316L, iron, nickel, and
chromium metal powders of two different sizes, respectively. Both
from Fig. 1 and from Table 3, showing the speciﬁc surface area at
dry conditions and hydrodynamic sizes of each powder in solution,
it is evident that the size distributions of the particles are different.
Due to these differences, we decided to compare the Inconel
powder to two different sizes of the reference powders. The size of
the Inconel powder falls in between the sizes of the 316L, Fe, and Cr
powders, but exceeds the size of both nickel powders, Fig. 1 and
Table 3. However, the average hydrodynamic size (d0.5 by volume in
PBS) of the Inconel powder is similar to both nickel powders,
Table 3.
XPS measurements revealed a metallic nickel peak at
853.0 ± 0.66 eV, both for unexposed Inconel particles and upon
exposure to ALF for 168 h. No signiﬁcant difference was observed in
the oxide to metal peak ratio prior to and after exposure to ALF,
Fig. 2a, which is indicative of a very thin (<5e10 nm) and passive
surface oxide. In addition, a peak at 855.1 ± 0.78 eV was assigned to
oxidized nickel. Trivalent oxidized chromium (Machet et al., 2004;
McIntyre et al., 1978) was observed at 576.6 ± 1.5 eV both prior to
and after exposure. The surface oxide was hence prior to exposure
mainly composed of oxidized chromium (86 wt-%) and to a lesser
extent of oxidized nickel (14 wt%), Fig. 2b. After exposure to ALF
(168 h), the surface oxide was comprised of oxidized iron (35 wt%),
most probably trivalent iron judged from a peak position at
711.3 ± 0.55 eV (McIntyre et al., 1979; Yamashita and Hayes, 2008),
trivalent chromium (43 wt%), and oxidized nickel (22 wt%), Fig. 2b.
Carbon peaks at 285.0, 286.4 ± 0.2, and 288.8 ± 0.07 eV were
observed both prior and after exposure to ALF, predominantly
indicative of surface contamination (Rubio et al., 2002). Accord-
ingly, oxygen peaks positioned at 530.4 ± 0.25, 532.1 ± 0.48, and
533.2 ± 0.13 eV were observed both prior to and after exposure. In
addition to the contribution from organic surface contamination,
these peaks indicate the presence of metal oxides/hydroxides and/
or oxyhydroxides and water (Biesinger et al., 2009; Machet et al.,
2004). It is not possible in this study to rule out whether oxidized
nickel, iron, and chromium of the surface oxide exist as single ox-
ides or within mixed oxides (spinels). Spinels, such as NiFe2O4 and
NiCr2O4, are likely components of the passive surface oxide of
Inconel powders (McIntyre et al., 1978, 1979).
Fig. 2. Oxidized vs. metallic peaks (wt-%) of observed metals (a) within the outermost
surface (5e10 nm) of unexposed Inconel powder and powders exposed for 1 week
(168 h) in ALF (pH 4.5), and b) corresponding ratio of oxidized nickel, chromium, and
iron (by wt-%). No iron was observed in the unexposed surface, and no manganese,
molybdenum, or cobalt on any of the surfaces.
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Fig. 3 shows the released amounts of Ni, Cr, and Fe from the
Inconel powder after 168 h into seven different synthetic body
ﬂuids of varying pH and solution composition (Table 2). The
concentrations of the other main alloying constituents (Co, Mn,
and Mo) were below their corresponding limits of detection. The
release of metals after 2, 4, 8, and 24 h was lower or similarFig. 3. Released amounts of Ni (a), Cr (b), and Fe (c), for the Inconel powder exposed for 16
their bulk content in the Inconel powder (d). The pH range indicates the pH range during on
concentrations were smaller than corresponding blank concentration. (GST e artiﬁcial gast
buffered saline; BSA e bovine serum albumin; LSZ e lysozyme from chicken egg white; GMcompared to observations made after 168 h, and in many cases
close to their limits of detection or quantiﬁcation (data not
shown). Generally, the release of metals from the Inconel powder
was very low. There was no clear trend in the extent of released
amounts of metals among the different solutions, which indicates
a very high surface passivity of the Inconel powder in the pH range
between 1.5 and 7.4. The extent of released metals slightly
increased with a reduced solution pH, Fig. 3. However it is not
possible to judge whether this is an effect of precipitation of
released metals at near neutral pH levels (Hedberg and Odnevall
Wallinder, 2016), or because of an enhanced release of metals at
more acidic conditions. The released amounts of Fe were close to
the corresponding blank values and limits of quantiﬁcation, which
makes any comparison among the different solutions difﬁcult for
this element (Fig. 3c). For released Cr (Fig. 3b), solutions of low pH
and presence of protein bovine serum albumin (BSA) resulted in a
higher Cr release compared with solutions of higher pH or when
containing lysozyme (LSZ). These observations are in accordance
with literature ﬁndings for stainless steel (Hedberg and Odnevall
Wallinder, 2016). When comparing released levels of Ni, Cr, and Fe
in ALF (pH 4.5) from the Inconel powder with reference powders
of stainless steel 316L, iron, chromium, and nickel metal, Fig. 4, it
becomes evident that the Inconel powder behaves in a similar
manner as similar sized powders of the biomedical stainless steel
grade 316L. For all released elements (Ni, Cr and Fe), released
levels of metals from the Inconel powder were in between
observed ﬁndings for the smaller and larger (compared with
Inconel powder) sized 316L powders, Fig. 4. When compared with
slightly smaller sized nickel powders, the Inconel powder8 h in different synthetic body ﬂuids. Released fraction of Ni, Cr, and Fe, normalized to
e week exposure in each solution. Note the different scales. <blank: measured sample
ric solution; ALF e artiﬁcial lysosomal ﬂuid; ASW e artiﬁcial sweat; PBS e phosphate
B e Gamble's solution).
Fig. 4. Released fractions of Ni (a), Cr (b), and Fe (c), for the Inconel powder compared with reference powders of stainless steel 316L, nickel, chromium, and iron metal, and
normalized to the nickel, chromium, and iron content in the powders. All release data is shown for ALF (pH 4.5) after 24 h (a) or 168 h (b and c) exposure. The reference powders
were exposed at similar conditions. Data shown is from (Hedberg et al., 2011) for Ni release from the 316L powders (24 h in ALF), from (Mazinanian et al., 2013) for Ni release from
the nickel powders, and from (Hedberg et al., 2010) for Cr and Fe release from the 316L, iron, and chromium powders. The error bars show the standard deviation of triplicate
samples.
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released amount of Ni between the two nickel powders have
previously been found to be caused by compositional differences
in the surface oxide (Mazinanian et al., 2013). When compared
with chromium metal powders of both smaller and larger size,
Fig. 4b, the Inconel powder releases more Cr, since chromium
metal is extremely passive at these conditions (Hedberg et al.,
2010). Iron powders of both smaller and larger size (Hedberg
et al., 2010) release signiﬁcantly more Fe at similar conditions
compared with the Inconel powder, Fig. 4c.Fig. 5. Cell viability of A549 cells after 24 and 48 h of exposure to Inconel powder at conc
fractions (particles removed). Data for the Ni-1 powder after 24 and 48 h (Latvala et al., 2
independent experiments. The asterisks mark a signiﬁcant difference (p < 0.05) comparedThe amounts of released Ni and Fe from the Inconel powder
correspond well with literature ﬁndings on the same powder (from
the same batch) in GST (pH 1.5) and ALF (pH 4.5), e.g., 0.00015 mg/mg
Ni and 0.00040 mg/mg Fe after 2 h in GST (pH 1.5) in this study
compared to 0.00014 mg/mg Ni and 0.00016 mg/mg Fe after 2 h in GST
in (Henderson et al., 2012). The released amounts of metals from
the Inconel powder in this study are lower (3e10-fold) compared
with ﬁndings for another Inconel powder (74 wt% Ni, 15.8 wt% Cr)
exposed in three synthetic body ﬂuids that are similar to GST, ALF,
and ASW (Hillwalker and Anderson, 2014).entrations of 0.1, 1, 5, 10, 20, and 40 mg/cm2 (mg/mL) or to the corresponding released
016) is included for comparison. The error bars show the standard deviation of three
with the control.
Table 4
DNA damage (% DNA in tail) of Inconel powder (particle concentration 20 mg/cm2)
compared to the negative control at the different conditions tested. No signiﬁcant
difference between the control and the Inconel powder was observed. Data for Ni-1
powder (Latvala et al., 2016) is included for comparison.
Test conditions Controla Inconel powder Ni-1 powder
4 h 5.36 ± 1.14 6.34 ± 1.13 6.03 ± 2.0
24 h 5.97 ± 0.20 5.46 ± 0.78 12.8 ± 7.1
a Control data is shown for the Inconel powder. Control values for the Ni-1
powder were very similar and given in (Latvala et al., 2016).
Table 5
Reactive oxygen species (ROS) generation by the Inconel powder at the different
conditions tested (with and without HRP, and at two different particle concentra-
tions), presented as the number of times increase compared to the negative control.
No signiﬁcant difference between control and Inconel powder was observed. Data
for Ni-1 powder (Latvala et al., 2016) is included for comparison.
Test conditions Inconel powder Ni-1 powder
Number of times increase compared to the
control
No HRP, 5 mg/cm2 1.14 ± 0.11 0.89 ± 0.37
No HRP, 20 mg/cm2 1.15 ± 0.11 0.91 ± 0.31
HRP, 5 mg/cm2 0.94 ± 0.18 2.8 ± 1.6
HRP, 20 mg/cm2 0.99 ± 0.23 3.8 ± 1.9
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species
No toxic effects were observed for the Inconel powder at the
conditions tested in terms of cell viability and DNA damage, Fig. 5
and Table 4. There were also no signs of increased generation of
reactive oxygen species, Table 5. The nickel powders Ni-1 and Ni-2
have recently been tested at similar conditions (Latvala et al., 2016).
Some of the results for Ni-1 powder are included for comparison in
Fig. 5 and Tables 4 and 5. The Ni-1 powder showed a signiﬁcant
reduction in cell viability at particle concentrations of 20 and 40 mg/
cm2 (mg/mL) after 48 h, whereas no such effects were observed for
the Ni-2 powder. The Ni-1 powder also induced a signiﬁcant DNA
damage after 24 h, and generation of reactive oxygen species in the
presence of HRP, but not the Ni-2 powder. This is in agreement with
signiﬁcantly more Ni released from Ni-1 compared with both the
Ni-2 and the Inconel powders, Fig. 4. The 316L-2 powder has pre-
viously been investigated in terms of cell viability, DNA damage,
and hemolysis using different assays (Hedberg et al., 2010), and in a
28-day in-vivo inhalation toxicity study on rats (Stockmann-Juvala
et al., 2013). The 316L-2 powder did not induce any signiﬁcant
reduction in cell viability, increased hemolysis, or inhalation
toxicity. It did, however, induce a signiﬁcant DNA damage, which
was later explained by the presence of a MnO2-rich surface oxide
(Hedberg et al., 2012, 2013). Judging from these results, the absence
of toxic effects induced by the Inconel powder is mostly related to
its low release of metals, its high surface passivity, and possibly its
relatively large particle size, which may hinder cell uptake (Horie
et al., 2009).Table 6
Comparison of the released amount of Ni, Cr and Fe (mg/cm2) from the Inconel powder c
conditions. Data shown is from (Hedberg et al., 2011) for Ni release from the 316L powder
and from (Hedberg et al., 2010) for Cr and Fe release (168 h in ALF) from the 316L, chrom
Released element Inconel 316L-1 316L-2 Ni-1
Ni (24 h ALF) 0.057 ± 0.0055 0.024 ± 0.0065 0.13 ± 0.0069 84 ± 5.0
Cr (168 h ALF) 0.031 ± 0.0013 0.018 ± 0.0011 0.096 ± 0.0080 N/A
Fe (168 h ALF) 0.28 ± 0.33 0.22 ± 0.020 2.2 ± 0.19 N/A
N/A e not analyzed.3.4. Read-across between metals and alloys
Table 6 compares the release of Ni, Cr, and Fe from the Inconel
powder into ALF (pH 4.5) with the reference particles. Data is
normalized to the initial particle surface area at dry conditions.
From this table, the effective concentration, deﬁned as the bio-
accessible concentration of a constituent substance in a complex
material (Henderson et al., 2012), can be calculated based on the
average release of a given metal from reference metal particles
(both sizes). The Inconel powder investigated in this study behaves
hence like an alloy containing 0.12 wt% Ni (range 0.07e0.60 wt%
when comparing with the two sizes of reference particles) and
0.21% Fe (0.17e0.26 wt%) when exposed to ALF, while it releases
about 2e3 times as much Cr as comparedwith the chromiummetal
powder (though still very low levels). Therefore, it becomes evident
that the effective concentration, and not the bulk composition,
should be the basis of predictions, as previously suggested for 316L
powders (Stockmann-Juvala et al., 2013) and for several other
metals and alloys (Henderson et al., 2012).
4. Conclusions
Metal alloys are considered as special mixtures under the EU
chemicals regulation REACH, and their risk and hazard assessments
are hence based on the behavior of their individual pure alloy
constituents. Since the intrinsic- and surface properties of alloys
generally are very different from their pure constituents, their
actual performance needs to be assessed. It also needs to be
elucidated whether the nominal alloy composition can be used to
predict either their bioaccessibility or any toxicological effects. The
bioaccessibility of an Inconel alloy 718 powder (57.3 wt% nickel)
was therefore investigated in seven synthetic body ﬂuids covering a
pH range of 1.5e7.4, relevant for the different exposure routes
(inhalation, ingestion, and dermal contact at e.g. occupational set-
tings). Several toxic endpoints were investigated (cell viability after
24 and 48 h, DNA damage after 4 and 24 h, and generation of
reactive oxygen species). Data were compared with similarly sized
powders of stainless steel AISI 316L (10.3 wt% nickel), and the pure
metals of iron, chromium, and nickel. The following main conclu-
sions are drawn:
- A very low released amount of Ni, Cr, and Fe from the Inconel
powder was observed in the different synthetic body ﬂuids. No
release of Co, Mn, or Mo was observed. These ﬁndings are
explained by the presence of a very thin and passive surface
oxide of the Inconel powder particles. This surface oxide is
predominantly comprised of trivalent chromium oxide (and of
oxidized nickel) prior to exposure, and of a mixed oxide of
oxidized chromium, nickel, and iron after exposure to ALF (pH
4.5).
- Nickel release from the Inconel powder was 0.1 mg/cm2/week in
artiﬁcial sweat (pH 6.5), i.e., lower than the stipulated threshold
values for piercing posts and direct and prolonged skin contact
of 0.2 or 0.5 mg/cm2/week, respectively.ompared to the reference powders. The reference powders were exposed at similar
s (24 h in ALF), from (Mazinanian et al., 2013) for Ni release from the nickel powders,
ium, and iron powders.
Ni-2 Cr-1 Cr-2 Fe-1 Fe-2
9.6 ± 2.6 N/A N/A N/A N/A
N/A 0.017 ± 0.0045 0.011 ± 0.0030 N/A 0.041 ± 0.0012
N/A N/A 0.060 ± 0.0052 165 ± 3.6 106 ± 2.4
Y.S. Hedberg et al. / Regulatory Toxicology and Pharmacology 81 (2016) 162e170170- Generally, solutions of lower pH and solutions containing
bovine serum albumin induced a slightly higher amount of
released metals compared with solutions of higher pH, lower
metal complexation capacity, and/or lack of proteins. This effect
was mostly pronounced for the release of Cr.
- The effective concentrations of iron and nickel in Inconel were
0.21 wt% and 0.12 wt%, respectively, in ALF (pH 4.5), when
compared to corresponding bioaccessibility data observed for
metal powders of the pure alloy components. The bulk compo-
sition (15 wt% iron and 57 wt% nickel) should hence not be used
to assess hazards for this highly surface passive Inconel alloy.
- No signiﬁcant toxic effects were observed for the Inconel pow-
der at given in vitro conditions.
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